Single-material flexible actuators that can produce non-uniform deformation in response to external stimuli have attracted considerable interests due to their facile fabrication process and excellent actuation behavior. However, the recognition of actuation state with easily perceived and detectable signal is still a challenge. In this paper, we report an actuator behavior of single-material inverse opal photonic crystal films, which are in response to a variety of solvents based on swelling/de-swelling process. The actuator exhibits improved responsiveness due to the enhanced mass transport of solvent molecules in periodic inverse opal with macroporous structure. Especially, peaks in reflective spectra and corresponding structure colors are obviously changed, providing a simple and effective optical technology for optical recognition of micro-locomotion. Based on the above characteristics, we demonstrate the potential applications of this photonic crystal actuator as solvent-driven gripper, walking device and rolling motor, showing great promise in advanced soft robot for many important intelligent areas.
Introduction
In nature, many organisms such as sunflower, Venus flytrap and pine cone are capable of adaptive motion and/or reversible shape variation in response to external stimuli [1, 2] . For example, the Venus flytrap can close their leaves in a second for efficient prey capture. And pinecone can bend and relax with the change of humidity. Inspired by these organisms, researchers have prepared a variety of responsive actuators that produce bending, expansion/contraction, torsion and other mechanical motions when stimulated by light [3] [4] [5] [6] [7] , heat [8] [9] [10] , electric field [11] [12] [13] , magnetic field [14] [15] [16] , ion [17] , pressure [18, 19] , solvent [20, 21] and gas [22] [23] [24] [25] . Such mechanical actuations usually originate from inhomogeneous deformation of the composed materials upon exposure to external stimuli [5] , and these actuators have demonstrated great prospects in soft robots, artificial muscles, sensors, switches and other fields. Among various actuating structures, singlematerial actuators, which can produce the actuation motions by inducing asymmetrical volume changes within the gradient material, have attracted great interests [20, 26] , because of their simple device structure, easy fabrication process and rapid responsiveness. For example, Zhao and coworker explored porous poly(ionic liquid) polymer singlematerial actuators with an electrostatic complexation gradient structure [21, 22] . The presence of porous architecture accelerated the internal mass transport and gave rise to high compressibility. Zhang et al. [26] reported an azobenzene-containing photoactive hybrid material with ultraviolet light-gated humidity-driven motility. When one face was exposed to moisture, the material could realize reversible bending, twisting and rolling or flipping through rapid and non-uniform swelling. Despite recent impressive advances, realizing the track and monitor of their actuation state remains a great challenge. The combination of easily perceived sensing signal with actuation materials is expected to be an effective approach to achieve it [24, 25, [27] [28] [29] .
Photonic crystals are dielectric structured materials that are periodically arranged in space with different dielectric constants [30] . The intrinsic periodic structure gives rise to the brilliant and vivid structural colors, whose specific reflection wavelengths are determined by the periodic constant and refractive index related to Bragg diffraction. Such structures have been found in so many natural creatures, such as chameleons, butterfly wings and peacock feathers [31, 32] . By incorporating stimuli-responsive components, the maximum reflectance wavelengths and the corresponding diffraction colors can be easily tuned, thus showing great promise in self-reporting chemicals [33] [34] [35] and biological sensors [36, 37] , electrochemical energy storage [38] , displays, etc [39] [40] [41] [42] . Among photonic crystals, inverse opal photonic crystals have attracted great attention due to their specific three-dimensional periodically arranged microporous structures [43] [44] [45] [46] [47] . Obviously, the introduction of such porous photonic structure into actuator will provide a general signal transduction scheme for monitoring actuation state through structural color and optical properties and afford an efficient mass transport path for achieving rapid responsiveness [22, 25] .
Herein, we demonstrate a single-material inverse opal photonic crystal actuator. The commercialized polyethylene glycol (600) diacrylate (PEGDA) and bifunctional aliphatic polyurethane acrylate (PUA) were used to construct the actuator device (PEGDA-PUA). Copolymer with cross-linking network structure, which has excellent fatigue durability and stability, can be formed by PEGDA and PUA monomers containing C=C double bonds via free radical polymerization [42] . Moreover, long molecular chains of PEGDA promote the flexibility of the copolymer. The PEGDA-PUA copolymer can absorb multiple solvents and swell in volume due to the large number of polyethylene glycol and polyurethane functional groups, thus achieving solvent-induced actuation [42, 44] . Especially, the design of periodically arranged porous structure not only improves the mass transport of solvent molecules in the material, but also endows the actuator a bright structure color. We define the face with the inverse opal structure as the front side of the film and the face without the inverse opal structure as the reverse side (Fig. 1a) . When the front side is exposed to solvent, it uptakes and releases solvent molecules through ordered microporous array and PEGDA-PUA inverse opal skeleton, thus leading to the change of diffraction color and optical signal, which can be easily perceived by naked eye and recognized by optical reflection spectra for micro-locomotion recognition. Meanwhile, this solvent-driven inverse opal actuator demonstrates captivating applications in gripper, walking device and rolling motor.
Materials and methods
Preparation of PEGDA-PUA inverse opal photonic crystal films SiO 2 colloidal microspheres with diameter of 300 nm were prepared by Stöber method. They were dispersed in ethanol (mass fraction 1%) and then assembled into three-dimensional opal photonic crystal templates onto microslide substrate using vertical deposition method. Later, the template was covered by another piece, which was separated by a double-adhesive tape with different thicknesses to form a sandwich cell. A mixture of PEGDA and PUA (a mass ratio of 10:1) was used as precursor, and Darocur 1173 (2-hydroxy-2-methyl-1-phenyl-1-propanone, 1 wt%) was added as photoinitiator. The above mixture was infiltrated into the interstices of SiO 2 microspheres at 60°C via the capillary force, followed by exposing to UV light for 2 min to initiate polymerization. Finally, PEGDA-PUA inverse opal photonic crystal films were obtained after soaking the sample in dilute hydrofluoric acid (4 wt%) for 4 h to remove the SiO 2 templates.
Measurement of bending angle of PEGDA-PUA inverse opal photonic crystal films
The bending angle was measured with the assistance of coordinate paper. After applying solvent to the surfaces of film, the bending angle was recorded by video. The bending angle refers to the angle between the linkage line and the basic line. The linkage line is formed between the support point and the end of the film (Fig. 2b ).
Swelling ratios of PEGDA-PUA inverse opal photonic crystal films in different solvents
After being immersed in the solvent for a period of time, the films were removed and their surfaces were immediately wiped dry before weighting. The swelling ratio is defined as follows: SR = (W t -W 0 )/W 0 , W 0 and W t are the weights of the films before and after immersing in solvents.
Preparation of PEGDA-PUA inverse opal photonic crystal ring motor
Monodispersed SiO 2 colloidal microspheres were used to assemble an opal template. Typically, a groove with the length of 70 mm and the width of 9 mm on the microslide was made by commercial scotch tape. Then, 500 lL of SiO 2 colloidal microsphere dispersion in ethanol (30 wt%) was added into one end of the groove. The glass rod was attached to the top of the groove and moved to another end at a speed of 10 cm/s, and the solution would be evenly distributed in the groove. The SiO 2 opal template was obtained after evaporation of ethanol. Subsequently, a mixture of photo-curable precursor as aforementioned was infiltrated into the voids of SiO 2 opal template, followed by UV light polymerization. Accordingly, the PEGDA-PUA inverse opal photonic crystal film (70 mm 9 9 mm 9 0.6 mm) was obtained by soaking in HF (4 wt%) to remove SiO 2 . Finally, the film was placed in a ring mold, and photo-curable precursor was filled into the interface gap. UV light irradiated for 2 min to cure the interface to obtain the inverse opal photonic crystal ring motor. 
Results and discussion
Preparation and structure characterization of inverse opal photonic crystal films Figure 1a shows a schematic diagram of preparing PEGDA-PUA inverse opal photonic crystal films. The SiO 2 colloidal microspheres with diameter of 300 nm were self-assembled into opal templates (Fig. S1 ). PEGDA and PUA were mixed with a mass ratio of 10:1 and permeated into the interstices of SiO 2 opal templates. Then, PEGDA-PUA inverse opal photonic crystal films were obtained by UV curing and soaking in dilute HF solution to remove SiO 2 . Fourier-transform infrared spectra exhibit that the copolymer has the stretching vibrations of C-O-C group at 1110 cm -1 and C=O group at 1724 cm
ascribed to PEGDA and the stretching vibration of amide group at 1689 cm -1 and the deformation vibration peak of N-H bond at 1528 cm -1 attributed to PUA molecules [40] . In particular, compared with pure PEGDA and PUA, the absence of stretching vibration of C=C group centered at 1635 cm -1 indicates the complete polymerization of PEGDA and PUA monomers (Fig. S2) . After etching SiO 2 away, the obtained PEGDA-PUA inverse opal photonic crystal films show brilliant green structure color originating from Bragg diffraction. Figure 1b shows the corresponding reflection spectra of SiO 2 opal template and PEGDA-PUA inverse opal photonic crystal film, whose stop-band band positions center at 648 nm and 514 nm, respectively. The inset is a photograph of the PEGDA-PUA inverse opal photonic crystal film. The top-view and cross-sectional scanning electron microscopy (SEM) images reveal the presence of periodic porous nanostructure, indicating the formation of inverse opal nanostructure (Fig. 1c, d ).
Solvent-driven actuation behavior and underlying mechanism of PEGDA-PUA inverse opal photonic crystal films Figure 2a presents a reversible self-adaptive actuation of a PEGDA-PUA inverse opal photonic crystal film (20 mm 9 9 mm 9 0.6 mm) when the surface contacted polar solvents. As shown in Fig. 2b and Tab. S1, the PEGDA-PUA inverse opal film exhibits distinct actuation behaviors and bending angles when different solvents (30lL) were applied to the surface, in which the bending angle is defined as the intersected angle between the horizontal line and the linkage line derived from the end of film. We attribute this solvent-dependent actuation behavior to the differences of swelling ratio. To support our speculation, we measured the swelling ratios of PEGDA-PUA inverse opal photonic crystal films in various solvents (Fig. 2c) . It is observed that the swelling can only be occurred in the solvents that can actuate the films, and the bigger the swelling ratio of the films, the larger is the bending angle. For example, the swelling ratios of the samples in methanol, ethanol, n-propyl alcohol and n-butyl alcohol were 21.1%, 14%, 10% and 7.2%, respectively. Correspondingly, the maximum bending angles of the samples decreased from 68°to 53°, 26°and 22°, respectively. In contrast, no apparent swelling was observed for those solvents that did not drive the films, such as cyclohexane and n-hexane. In addition, although the films have the largest swelling ratio in chloroform, its maximum bending angle in this case was not the largest because of the reduced interaction duration due to its high volatility (Fig. S3 and Fig. S4 ).
The thickness of the PEGDA-PUA inverse opal photonic crystal films is also an important factor controlling the driving behavior. As the thickness of the sample increases from 0.6 to 1.5 mm, the bending angle gradually decreases (Fig. 2d) . To gain further insights into actuation behavior, we quantified the mechanical force generated by PEGDA-PUA inverse opal photonic crystal film bending [22] . As shown in Fig. 2e , a film was mounted 1 mm above an electronic balance. When chloroform solvent was applied, the sample bent downward and contacted the surface of electronic balance to generate a pressure. The force was read out directly from the balance in the form of weight. As the solvent evaporated, the bending angle and pressure decreased. For a sample weighing 140 mg, the maximum force of 1305 mg could be generated, which was about ninefold. In addition, it is observed that the force is enhanced with an increase in the bending angle due to the increased elastic potential energy (Fig. 2e and Tab. S2). Based on the above discussion, we can explain reversible self-adaptive actuation and this distinct actuation phenomenon in response to various solvents using asymmetric swelling mechanism (Fig. 2f) . When solvent molecules are applied, they rapidly diffuse from the surface to the interior of the sample, resulting in a swelling gradient along the thickness direction under gradient penetration. Such asymmetric volumetric swelling produces a driving force (F 1 ) that causes the bending of the sample. By contrast, the polymer network structure of the sample on the other side without solvent penetration is compressed to produce a resistance (F 2 ). The force reaches a balance when F 1 equals F 2 , and the maximum bending angle is obtained. Then, the sample gradually recovers to its original state as solvent evaporated. Meanwhile, the large swelling ratio will cause the large volumetric swelling, thus leading to large bending angle of the PEGDA-PUA inverse opal photonic crystal films.
Interestingly, the presence of inverse opal nanostructure improves the response rate of actuator. As displayed in Fig. S5 , the PEGDA-PUA inverse opal photonic crystal films show a much-improved response rate compared with the solid counterpart. We attribute it to the presence of porous nanostructure facilitating mass transfer of solvent molecules within the films [22] . More importantly, the easily perceived structural color change associated with bending and recovery enables a simple and visible optical technology for monitoring the actuation behavior of PEGDA-PUA inverse opal photonic crystal films. Figures 3a, b and S6 display the reflective spectra of the sample after introducing chloroform. When the solvent quickly penetrated into the pores of inverse opal nanostructures, a rapid bending of the sample and immediate disappearance of structural color were resulted as the refractive index of solvent is almost the same as that of PEGDA-PUA polymer (Fig. 3c) [33, 44, 48] . As the solvent evaporates in the pores, the reflection peak appears at 718 nm and then gradually blue-shifts associating with the recovery of bending angle. This structural color switching can be explained by Bragg-Snell formula:
where m is the order of diffraction, k is the reflection wavelength, D is the lattice spacing, n i and V i are the refractive index and volume fraction of photonic crystal components, and h is the angle between the incident light and the vertical direction of the sample [30, 49] . The effective refractive index ( P n 2 i V i ) of the film increases directly after the solvent permeates into the pores, resulting in increase in k. Subsequently, the effective refractive index decreases gradually as the solvent evaporates continuously, and the structural color blue-shifts to initial color [29] . It is worth noting that the structural color does not change significantly when the sample is bent by external mechanical forces (Fig. S7) . The PEGDA-PUA inverse opal photonic crystal film exhibits excellent reversibility and repeatability in the multiple bending/unbending processes (50 cycles) driven by chloroform solvent (Fig. 3d) . Figure 3e reveals the reflectance spectra of the sample after different bending cycles, and the outstanding reproducibility and stability are evidenced by the almost unchanged reflection wavelength. It is well known that once the periodically porous structure of inverse opal is collapsed by an external force, its optical information will disappear, but the shape memory function of PEGDA-PUA inverse opal can solve the above problem. As shown in Fig. S8 , though an external force impact is applied to a sample and hence causes collapse of the pores, the structural color and reflection peak will reconstitute by exposing to acetone and then drying it out [42] . Its shape memory characteristics strongly ensure that the actuator will not easily damaged during movement.
Diverse applications of PEGDA-PUA inverse opal photonic crystal films as actuator Based on the above characteristics of PEGDA-PUA inverse opal photonic crystal films, we fabricated a gripper with reversible actuation behavior by attaching three samples to a cylinder (Fig. 4a) . By applying solvent to the outer surface, PEGDA-PUA inverse opal photonic crystal films bent inward and closed together, which could grasp a pellet weighing 330 mg. After moving the pellet from position 1-2, the films could return to their original state and released the pellet as the solvent evaporated (Fig. 4b) . This gripper can also grasp different shape objects, such as cubic and cylindrical wood blocks (Fig. 4c, d ). Next, a PEGDA-PUA inverse opal photonic crystal film was used to build a solvent-driven walking device. As shown in Fig. 5a , one edge of the film was designed to mimic the shape of two legs, thus facilitating walking. The walker device has a size of 26 mm 9 9 mm 9 0.6 mm. The size of the leg is 8 mm 9 3.5 mm 9 0.6 mm. When chloroform was applied on the center of walker device surface, it will swell to form an arch, allowing its front and rear part to bend inward. As the solvent evaporates, the sample will unbend and restore to its original state. The legs at the edge of the walker will rest against the ratcheted substrate to prevent the device from sliding backward, so that the first half of the device slides forward under elastic potential energy [3] . This comprises a complete walking cycle. Continuous walking will be realized by repeating the above process ( Fig. 5c and video S1) . Particularly, the structural color can be used as a tool to monitor the walking state of device, as shown in Fig. 5b . Interestingly, if the solvent was dropped to one side instead of the center, one leg of walker device would move and the other follows, similar to human legs, due to the imbalance of swelling-induced force.
For demonstration of the third application of PEGDA-PUA inverse opal photonic crystal film in actuator, we fabricated a circular ring motor driven by solvent. First, as shown in Fig. 6a , b, a rectangular SiO 2 colloidal microspheres template was prepared (See Materials and methods). And rectangular PEGDA-PUA inverse opal photonic crystal film was obtained after penetrating PEGDA-PUA and then removing the template (Fig. 6c) . The motor was fabricated by placing a film (70 mm 9 9 mm 9 0.6 mm) in a ring groove and curving its two ends closely together. Then, PEGDA-PUA precursor was injected into the gap of these two ends and subsequently cured under UV light, thus forming a ring motor (Fig. 6d) . Last, when solvent is added to the left side of the motor, the sample suffers a slightly asymmetrical deformation as the volume of this area expands due to swelling effect. Accordingly, the center of gravity shifts to the right, making the motor unstable [5] . This causes a torque that drives the motor to the right, thus achieving rapid movement (Fig. 6e, f) .
Conclusion
In conclusion, we demonstrated a solvent-driven actuator of PEGDA-PUA inverse opal photonic crystal film. Based on a swelling/de-swelling process, its actuation behavior can be controlled by manipulating swelling ratio and evaporation rate. The porous inverse opal nanostructure improved response rate by enhancing mass transfer of solvent molecules. Notably, the structural color associated with actuation process can be used as a tool to monitor the state of device. In view of the abovementioned characteristics, we demonstrated the application of PEGDA-PUA inverse opal photonic crystal films in various solvent-driven actuation devices, such as gripper, walking device and circular ring motor, indicating potential applications in soft robots and biomedical devices.
